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Two Different Fatigue Protocols and Lower
Extremity Motion Patterns During a Stop-Jump
Task
David Quammen, MS*; Nelson Cortes, PhD*t; Bonnie L. Van Lunen,
PhD, ATC*; Shawn Lucci, MS*; Stacie I. Ringleb, PhD:t:;James Onate,
PhD,ATC§
*Human Movement Sciences Department, Old Dominion University, Norfolk, VA; tSchool of Recreation,
Health, and Tourism, George Mason University, Manassas, VA; tDepartment of Mechanical Engineering,
Old Dominion University, Norfolk, VA; §School of Allied Medical Professions, The Ohio State University,
Columbus
Context: Altered neuromuscular control strategies during
fatigue probably contribute to the increased incidence of non-
contact anterior cruciate ligament injuries in female athletes.
Objective: To determine biomechanical differences between
2 fatigue protocols (slow linear oxidative fatigue protocol [SLO-
FP] and functional agility short-term fatigue protocol [FAST-FP])
when performing a running-stop-jump task.
Design: Controlled laboratory study.
Setting: Laboratory.
Patients or Other Participants: A convenience sample
of 15 female soccer players (age = 19.2 ± 0.8 years, height =
1.67 ± 0.05 m, mass = 61.7 ± 8.1 kg) without injury participated.
Intervention(s): Five successful trials of a running-stop-
jump task were obtained prefatigue and postfatigue during
the 2 protocols. For the SLO-FP, a peak oxygen consumption
(V02peak) test was conducted before the fatigue protocol. Five
minutes after the conclusion of the V02peak test, participants
started the fatigue protocol by performing a 30-minute interval
run. The FAST-FP consisted of 4 sets of a functional circuit. Re-
peated 2 (fatigue protocol) x 2 (time) analyses of variance were
conducted to assess differences between the 2 protocols and
time (prefatigue, postfatigue).
Main Outcome Measure(s): Kinematic and kinetic mea-
sures of the hip and knee were obtained at different times while
participants performed both protocols during prefatigue and
postfatigue.
Results: Internal adduction moment at initial contact (lC)
was greater during FAST-FP (0.064 ± 0.09 Nm/kgm) than SLO-
FP (0.024±0.06 Nm/kgm) (FI14=5.610, P=.03). At IC, par-
ticipants had less hip flexion' postfatigue (44.7° ± 8.1 0) than
prefatigue (50.1°±9S) (F1,14=16.229, P=.001). At peak vertical
ground reaction force, participants had less hip flexion postfa-
tigue (44.7° ± 8.4 0) than prefatigue (50.4° ± 10.3°) (F1 14 = 17.026,
P= .001). At peak vertical ground reaction force, participants
had less knee flexion postfatigue (-35.9° ± 6.5°) than prefatigue
(-38.8° ±5.03°) (FI14= 11.537, P= .001).
Conclusions: bur results demonstrated a more erect land-
ing posture due to a decrease in hip and knee flexion angles in
the postfatigue condition. The changes were similar between
protocols; however, the FAST-FP was a clinically applicable
5-minute protocol, whereas the SLO-FP lasted approximately
45 minutes.
Key Words: anterior cruciate ligament, hip, knee, biome-
chanics
Key Points
• Both the slow linear oxidative fatigue protocol (SLO-FP) and the functional agility short-term fatigue protocol (FAST-FP)
demonstrated that the lower extremity is at a higher risk for sustaining injury when fatigue and unanticipated movement
are combined.
• Similar lower extremity biomechanical modifications occurred after 5 minutes of fatigue during the FAST-FP and after 45
minutes of fatigue during the SLO-FP.
• Fatigue-induced decreases in hip and knee flexion resulted in a more extended landing posture, which can increase
anterior tibial translation and thus increase strain on the anterior cruciate ligament.
Current research on anterior cruciate ligament (ACL) in-jury and the implications of sex continue to reveal anincreased incidence in females sustaining noncontact
ACL injury.l-4 When comparing the incidence of ACL injury
in intercollegiate athletics, Mihata et al2 found the incidence
was almost 3 times higher in female than male soccer athletes,
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whereas it was almost 4 times higher in female than male bas-
ketball players. In intercollegiate athletics, Hootman et al5
reported that 3 of the 4 sports with the highest rates of ACL in-
jury were women's sports: gymnastics, soccer, and basketball.
Anterior cruciate ligament injury has multiple negative health
consequences, including early onset of osteoarthritis, damage
to menisci and chondral surfaces, increased probability of ad-
ditional surgery, and decreased activity level due to functional
instability.6,7 In a 20-year follow-up study of operatively re-
paired ACL ruptures, Maletius and Messner6 found that 87%
of patients had signs of osteoarthritis on radiographic exami-
nation, 45% of patients had undergone additional surgery, and
only 23% of patients were satisfied with their knee function.
The 4 categories of risk factors for ACL injury are anatomi-
cal, hormonal, environmental, and neuromuscular.8,9 Of all the
risk factors associated with ACL injury, altered neuromuscular
control strategies and movement variables are most likely to
contribute to the greater incidence of noncontact ACL injury for
female athletes. to Neuromuscular control strategies are altered
further when the effects of fatigue combined with unanticipated
movements are present.11 Fatigue has been found to increase
peak proximal tibial anterior shear force,12 increase knee ab-
duction angle,11,13decrease knee flexion angle,12 decrease hip
flexion angle,l1 increase peak valgus angle and maximum val-
gus angle,11,13increase knee internal rotation,11,14and result in a
greater knee extension moment.12 Unanticipated movement has
been found to induce an increase in knee valgus moment, hip
internal rotation, knee abduction, and knee internal rotation.11,15
The combination of fatigue and unanticipated movement typi-
cally results in altered lower extremity mechanics in which the
foot is planted, the knee is near full extension in an abducted
position, and the femur (hip) is rotated internally; all of these
are hypothesized mechanisms for ACL injuryY6-19
The occurrence of the theorized risk factors associated with
ACL injury varies depending on the task being analyzed. Vari-
ous tasks have been used in previous research, including side-
step cutting,11,20drop_jump,13,21and stop_jumpI2,22tasks. The use
of different tasks when analyzing the lower extremity biome-
chanical variables has yielded conflicting results. Research-
ers11,20using the side-step cutting task have reported that fatigue
produces changes mainly in frontal-plane kinematics and kinet-
ics. However, researchers12 who analyzed the stop-jump task
found that fatigue produces changes in both frontal-plane and
sagittal-plane kinematics and kinetics.
Current research on fatigue and its associated relationship
between noncontact ACL injuries has been focused on either
short-term fatigue or long-term fatigue protocolsy,12,14,20,23-26
Short-term fatigue protocols have induced fatigue through
single-leg squats,20 consecutive repetitions of vertical jumps
and short sprints,12 and maximum repetitions on a leg-press
machine.25 No consensus exists in the literature to indicate
which type of fatigue protocol results in greater biomechani-
cal alterations to the lower extremity during unanticipated
movement. Furthermore, little research comparing the effects
of functional sport-specific fatigue on lower extremity joint
kinematics and kinetics is available. Soccer-specific fatigue
using various aspects of an actual soccer practice and games
should be implemented to accurately and effectively analyze
the neuromuscular changes that occur during fatigued states
in this specific population. Therefore, the purpose of our study
was to determine biomechanical differences between 2 fatigue
protocols (slow linear oxidative fatigue protocol [SLO-FP] and
functional agility short-term fatigue protocol [FAST-FP]) as
measured by various kinematic and kinetic variables. We hy-
pothesized that fatigue would negatively alter lower extremity
biomechanics. Specifically, participants would have less hip
flexion and knee flexion and more knee valgus, hip abduction,
vertical ground reaction force, and posterior ground reaction




An a priori power calculation was conducted to estimate the
sample needed to establish differences between fatigue proto-
cols. Using data from the literature,11-13we determined that a
sample size of approximately 15 participants was needed for a
power level of 80%, an a level of .05, and an anticipated effect
size of 0.7. A convenience sample of 15 National Collegiate
Athletic Association (NCAA) Division I female soccer players
(age = 19.2±0.8 years, height=1.67±0.05 m, mass=61.7±8.1
kg) volunteered to participate. Inclusion criteria were no his-
tory of cardiovascular or respiratory disease. In addition, clear-
ance from the team physician to practice and play in games was
required at the time of data collection. The dominant leg, which
was defined as the leg that the participant would use to kick
a soccer ball as far as possible, was analyzed. All participants
provided written informed consent, and the study was approved
by the Institutional Review Board of Old Dominion University.
Instrumentation
The lower extremity was analyzed using 8 high-speed in-
frared cameras (Vicon, Oxford, United Kingdom) sampling at
a rate of 270 Hz. Ground reaction forces were measured via 2
force plates (model 4060-10; Bertec Corporation, Columbus,
OH) at a sampling rate of 1080 Hz. A metabolic cart (model
Vmax 29c; CareFusion, San Diego, CA) was used during the
SLO- FP to measure submaximal oxygen consumption and
peak oxygen consumption (V02peak). The flow sensor was cali-
brated against a 3.0-L syringe, and carbon dioxide and oxygen
sensors were calibrated against known gases before the maxi-
mum oxygen consumption (V02max) test. The flow sensor and
mouthpiece were attached to a headset, which was used to col-
lect expired air. An average of the 3 highest, continuous, 20-s
interval oxygen consumption (V02) measurements was used to
calculate V02peak. A heart rate monitor (model FS2C; Polar
Electro, Inc, Lake Success, NY) was used to collect measure-
ments of resting and exercise heart rates during the entire test.
From the standing (static) trial, a lower extremity kine-
matic model was created for each participant using Visual3D
(C-Motion, Inc, Germantown, MD). Motion at the hip, knee,
and ankle joints was quantified using this kinematic model. The
standing (dynamic) trial with circular motion of the pelvis was
used to estimate a functional hip joint center.27,28Based on a
power spectrum analysis, all kinematic and kinetic data were
low-pass filtered through a fourth-order, zero-phase lag, But-
terworth filter with a cutoff frequency of 25 Hz.
Experimental Protocol
Participants wore spandex shorts, sports bras, and team
running shoes (Supernova; Adidas AG, Herzogenaurach, Ger-
many). The participants were given a lO-minute warmup pe-
riod, which consisted of self-directed cycling and stretching.
After this period, 40 reflective markers were placed on specific
anatomical landmarks. Thirty markers were tracking markers
consisting of 1 on each posterosuperior iliac crest and anterior
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iliac crest, clusters of 4 on each thigh and shank, and 5 on each
foot. The remaining 10 were calibration markers, which were
placed on the greater trochanters, medial and lateral femoral
condyles, and medial and lateral malleoli. The same researcher
(N.C.) placed the markers on all participants. Pilot testing in
our laboratory has shown good to excellent reliability in marker
placement and data repeatability for lower extremity biome-
chanical measures (intraclass correlation coefficient range,
0.620-0.889). Standing and dynamic calibration trials were
done to calculate hip joint center. After those trials, the calibra-
tion markers were removed.
After the running-stop-jump task was explained, the par-
ticipants were given time to practice. An infrared beam was
placed across and 2 m before the force plates where the par-
ticipants were running. When the participants crossed and
interrupted the light beam, it triggered a software program,
which we developed, on the desktop to randomly generate 1
of the soccer athletic tasks (eg, running stop-jump, side step)
and project it onto a screen in front of the participants.29 For
the purpose of our study, only the running-stop-jump task was
used for analysis. Participants had to attain a minimal approach
speed of 3.5 mls,30 which was monitored by a timing system
(Brower Timing Systems, Draper, UT). The running-stop-jump
task consisted of the participants standing at the beginning of
the runway, running and planting onto the force plates with 1
foot on each force plate, and jumping straight into the air as if
performing a soccer header. Testing trials were repeated if the
participant did not land completely on the force plate or was
unable to execute the trials at a minimum speed of 3.5 mls.
After completing 5 successful unanticipated trials, the partici-
pants received instructions about the fatigue protocol to be per-
formed. They rested for 1 minute between trials to minimize
fatigue during prefatigue assessment.
Functional Agility Short-Term Fatigue Protocol
Before beginning the FAST-FP, 1 investigator (D.Q.) mea-
sured the participants' maximal vertical jumps with a measur-
ing tape on the wall. The average of 3 maximal jumps was
recorded as the participant's maximal vertical jump for the
protocol. Participants began the fatigue protocol by perform-
ing a series of step-up and step-down movements onto and off
of a 30-cm-high box for 20 seconds in time with a metronome
set to 220 beats per minute. Next, the participants immediately
performed 1 repetition of an L drill among 3 cones. Partici-
pants started in a 3-point stance in front of 3 cones that were
set up in an L shape and spaced 4.5 yd (4.05 m) apart. Starting
at the first cone, they sprinted 4.5 yd (4.05 m) to the second
cone, sprinted back to the first cone, ran to the second cone,
ran around the right side of the second cone and to the third
cone, ran in a circle around the third cone from the inside to the
outside, sprinted back to the second cone, ran around the left
side of the second cone, and ran back to the first cone (Figure
1). Immediately after the L drill, participants performed 5 con-
secutive countermovement jumps, staying within 80% (±2%)
of their maximal vertical jump recorded before the start of the
protocol. Marks were placed within 80% (±2%) to ensure that
they stayed within the range. After the vertical jumps, the par-
ticipants ran down and back on an agility ladder. When com-
pleting the protocol for the first and third times, the participants
ran forward, ensuring that both feet touched inside each space
of the ladder. When completing the protocol for the second and
fourth times, the participants went sideways, ensuring that both
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Figure 1. Schematic of the L drill of the functional agility short-term
fatigue protocol. The distance between cones was 4.5 yd (4.05 m).
feet touched inside each space of the ladder. The metronome
also was used for the ladder drill and was set at 220 beats per
minute so the participants would maintain a constant speed
throughout the protocol. Completing the 4 tasks (step-up and
step-down movements, L drill, vertical jumps, and ladder drill)
counted as 1 set of the protocol. Participants had to perform 4
sets of the protocols with no rest in between, which took ap-
proximately 5 minutes per participant.
Slow Linear Oxidative Fatigue Protocol
Participants started the fatigue protocol by performing a
V02max test. The protocol was explained to the participants,
and they were fitted with a mouthpiece and headset, which they
were required to wear for the V02max test. Running shorts were
placed over the tracking markers, and skin lubricant was ap-
plied to any areas on the participants' thighs that might rub and
cause irritation during the prolonged run. The protocol for the
V02max test has been used in previous research31,32and required
the participants to run at 9 kmIh for 5 minutes followed by
l-kmIh speed increments every 2 minutes until exhaustion. Par-
ticipants were instructed to grab the sides of the treadmill when
they felt they were fatigued maximally and could not continue
running, at which point the treadmill was slowed down to a
walk (Figure 2). A participant was considered to have reached
maximal fatigue when she met 2 of the following criteria: (1)
her heart rate reached 90% of her age-calculated maximum
heart rate, (2) her respiratory quotient was more than 1.1, (3)
she reached the plateau in the V02max curve, and (4) she was
unable to continue running. The treadmill gradient was kept at
0° for the entire V02max test. After completing the V02max test,
the participants rested for 5 minutes. Immediately after the rest
period, the participants alternated between 2 running speeds
throughout the 30-minute treadmill run. Six intervals consist-
ing of running at a speed of 70% of the final V02max speed for
4 minutes followed by running at a speed of 90% of their final
V02max speed for 1 minute were conducted. The estimated time
for the V02max test was 15 minutes, which, when combined with
the 30-minute treadmill run, equaled 45 minutes and simulated
1 half of a collegiate soccer match.
Posttest Fatigue Assessment
After completing each fatigue protocol, the participants
again were required to perform 5 successful unanticipated tri-
Figure 2. A maximum oxygen consumption test was conducted be-
fore the 30-minute running protocol for the slow linear oxidative
fatigue protocol.
als of the running-stop-jump task. After each running-stop-
jump task, participants immediately ran back to the start of
the runway and performed another trial until 5 successful run-
ning-stop-jump tasks were completed. After completing the
FAST-FP, participants were required to complete 3 vertical
jumps between dynamic trials to maintain fatigue throughout
the posttest fatigue assessment. The fatigue protocols (SLO-FP,
FAST-FP) were counterbalanced between participants, with a
I-week break between fatigue and data collection sessions.
Statistical Analysis
Prefatigue conditions (SLO-FP, FAST-FP) were compared
with a paired t test to assess the baseline assumption (prefatigue
was equal between protocols) for possible comparison of post-
fatigue conditions between the SLO-FP and FAST-FP. The in-
dependent variables were fatigue protocols and time. Separate
repeated-measures 2 (fatigue protocols: SLO-FP, FAST-FP) x 2
(time: prefatigue, postfatigue) analyses of variance were con-
ducted for each dependent variable and time instant. Kinematic
variables were knee flexion, knee abduction, knee rotation, hip
flexion, and hip abduction. Kinetic variables were vertical and
posterior ground reaction forces, knee flexion-extension mo-
ment, knee abduction-adduction moment, hip flexion moment,
and hip abduction-adduction moment; these were measured at
various time instants: initial contact, peak vertical and posterior
ground reaction forces, peak knee flexion, and peak during the
stance phase. Kinematic variables were measured in degrees,
internal joint moments were normalized to height and mass,
and ground reaction forces were normalized to body weight.
Initial contact was defined as the time at which vertical ground
reaction force was greater than 10 N. Peak was defined as the
maximum value obtained between initial contact and 50% of
stance phase. We used Visual3D and a custom-made MATLAB
(The Math Works, Inc, Natick, MA) for data reduction to export
data into SPSS (version 16.0; SPSS Inc, Chicago, IL). The av-
erage of 5 trials was used for all analyses. The a level was set a
priori at .05.
Table 1. Descriptive Statistics for Kinematic Variables Between 2 Fatigue Protocols at Initial Contact, Peak Vertical
Ground Reaction Force, Peak Posterior Ground Reaction Force, Peak Knee Flexion, and Peak Stance (Mean±SD)
Slow Linear Oxidative Fatigue Protocol
Kinematic Variable Pretest Posttest
Initial contact, 0
Knee flexion (-)/extension (+) -27.4±8.5 -24.5±9.2
Knee abduction (-)/adduction (+) -D.9±3.2 -1.0±3.9
Knee internal rotation (+)/external
rotation (-) 8.8±7.3 8.8±6.5
Hip flexion 50.3±10.5 46.5±6.6
Hip abduction (-)/adduction (+) -5.0±5.2 -5.6±4.6
Peak vertical ground reaction force, 0
Knee flexion (-)/extension (+) -39.1 ±5.1 -36.1 ±7.4
Hip flexion 50.4±11.5 46.9±7.3
Peak posterior ground reaction force, 0
Knee flexion (-)/extension (+) -38.3±5.7 -36.6± 7.8
Knee abduction (-)/adduction (+) -D.4±4.7 -1.1 ±5.2
Hip flexion 51.3±12.0 46.9±7.3
Peak knee flexion, 0
Knee flexion (-)/extension (+) -55.9±7.8 -53.3±5.6
Knee abduction (-)/adduction (+) -2.4±5.9 -3.7±6.2
Hip flexion 44.6±12.8 40.5±7.6
Hip abduction (-)/adduction (+) -1.8±4.1 -1.9±3.7
Peak stance, 0
Knee abduction (-)/adduction (+) -4.6±3.9 -5.5±5.1
Hip flexion 53.3±11.9 49.1±6.7
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Table 2. Descriptive Statistics for Kinetic Variables Between 2 Fatigue Protocols at Initial Contact, Peak Vertical
Ground Reaction Force, Peak Posterior Ground Reaction Force, Peak Knee Flexion, and Peak Stance (Mean±SD)
Slow Linear Oxidative Fatigue Protocol Functional Agility Short-Term Fatigue Protocol
Kinetic Variable Pretest Posttest Pretest Posttest
Initial contact, Nm/kgm
Knee abduction (-)/adduction (+)
moment -0.006 ±0.28 -D.03±0.24 0.05±0.20 0.071±0.23
Knee flexion (-)/extension (+) moment 0.08±0.21 0.02±0.15 0.04±0.18 0.06±0.23
Peak vertical ground reaction force"
Vertical ground reaction force 5.1±1.3 5.2±1.1 4.6± 1.2 4.9± 1.3
Peak posterior ground reaction force"
Posterior ground reaction force 1.9±0.5 1.8± 0.4 1.8±0.4 1.8±0.3
Peak knee flexion"
Posterior ground reaction force 1.3±0.3 1.3± 0.3 1.2±0.4 1.3±0.3
Peak stance, Nm/kgm
Knee flexion (-)/extension (+) moment 2.09±0.33 2.08±0.30 1.98±0.33 1.92±0.39
Knee abduction (-)/adduction (+)
moment 0.34±0.16 0.37±0.25 0.33±0.13 0.41±0.22
"Indicates ground reaction forces measures are given in multiples of body weight.
Table 3. Descriptive Statistics for Kinematic Variables by Protocol and Fatigue at Initial Contact, Peak Vertical Ground




Knee abduction (-)/adduction (+)
Hip flexion
Hip abduction (-)/adduction (+)
Knee internal rotation (+)/external
rotation (-)
Peak vertical ground reaction force, 0
Knee flexion (-)/extension (+)
Hip flexion
Peak posterior ground reaction force, 0
Knee flexion (-)/extension (+)
Knee abduction (-)/adduction (+)
Hip flexion
Peak knee flexion, 0
Knee flexion (-)/extension (+)
Knee abduction (-)/adduction (+)
Hip flexion
Hip abduction (-)/adduction (+)
Peak stance, 0
Knee abduction (-)/adduction (+)
Hip flexion
Protocol Fatigue
Slow Linear Oxidative Functional Agility Short-
Fatigue Term Fatigue Pretest Posttest
-25.9±8.9 -25.6±8.6 -26.6±8.3 -24.9±9.2
-0.96±3.5 -1.8±4.9 -1.1 ±3.7 -1.7±4.7
48.4±8.6 46.4±9.0 50.1±9.5 44.7±8.1
-5.3±4.9 -5.9±5.1 -5.2±4.9 -6.0±5.2
8.8±6.9 9.9±8.8 8.4± 7.5 10.3±8.2
-37.6±6.3 -37.0±5.3 -38.8±5.0 -35.9±6.5
48.7±9.4 46.5±9.3 50.4±10.3 44.7±8.4
-37.5±6.7 -36.7±6.1 -38.4±5.6 -35.8± 7.2
49.1±9.7 47.1±9.7 51.1±10.8 45.2±8.6
-54.6±6.7 -54.6±9.5 -56.8±8.3 -52.5± 7.9
-3.0±6.0 -5.4±5.8 -3.8±5.6 -4.7±6.3
42.6±10.2 41.2±10.1 45.1±11.6 38.7±8.7
-1.8±3.9 -3.8±4.6 -2.4±4.4 -3.1±4.2
-5.0±4.5 -6.5±5.4 -3.8±4.4 -4.7±5.5
51.2±9.3 49.5±9.9 53.3±11.0 47.3±8.2
RESULTS
Descriptive statistics are presented in Tables 1-4. Partici-
pants had an approach speed of 3.6±0.19 mls before SLO-FP,
3.5±0.14 mls after SLO-FP, 3.6±0.12 mls before FAST-FP,
and 3.5 ±0.12 mls after FAST-FP. We found no differences be-
tween approach speeds for either protocol or fatigue condition
(P>.05).
Fatigue
The primary differences attained due to the fatigue main ef-
fect were observed at the sagittal plane of the knee and hip at the
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different time instants. Participants landed with less hip flexion
at postfatigue than prefatigue at all time instants analyzed. At
initial contact, the participants landed in less hip flexion post-
fatigue (44.7°±8.1°) than prefatigue (50.1°±9S) (Fl,14=
16.229, P=.OOI, Cohen d=0.57). At peak vertical ground re-
action force, participants landed in less hip flexion postfatigue
(44.7°±8.4°) than prefatigue (50.4°±1O.3°) (Fl,14= 17.026,
P=.OOI, Cohen d=0.55). At peak posterior ground reaction
force, participants had less hip flexion postfatigue (45.2° ± 8.6°)
than prefatigue (51.1°±1O.8°) (Fl,14= 18.533, P=.OOI, Co-
hen d=0.55) (Figure 3). At peak knee flexion, participants
landed in less hip flexion postfatigue (38.7°±8.7°) than pre-
fatigue (45.1 o± 11.6°) (Fl,14= 17.331, P=.OOI, Cohen d=0.55)
Table 4. Descriptive Statistics for Kinetic Variables by Protocol and Fatigue at Initial Contact, Peak Vertical Ground
Reaction Force, Peak Posterior Ground Reaction Force, Peak Knee Flexion, and Peak Stance (Mean ± SO)
Protocol Fatigue
Slow Linear Oxidative Functional Agility Short-
Kinetic Variable Fatigue Term Fatigue Pretest Posttest
Initial contact, Nm/kgm
Knee flexion (-)/extension (+) moment 0.051 ±0.18 0.050±0.20 0.057±0.19 0.044±0.19
Knee abduction (-)/adduction (+)
moment 0.024±0.06 0.064±0.09 0.037±0.06 0.048±0.09
Peak vertical ground reaction force"
Vertical ground reaction force 5.1 ± 1.2 4.8± 1.2 4.9±1.2 5.1 ± 1.2
Peak posterior ground reaction force"
Posterior ground reaction force 1.9±0.42 1.8± 0.36 1.9±0.45 1.8± 0.34
Peak knee flexion"
Posterior ground reaction force 1.3± 0.30 1.2± 0.33 1.2± 0.35 1.3± 0.27
Peak stance, Nm/kgm
Knee flexion (-)/extension (+) moment 2.01 ±0.32 1.9±0.36 2.0±0.33 2.0±0.35
Knee abduction (-)/adduction (+)
moment 0.36±0.21 0.37±0.18 0.34±0.14 0.39±0.24
"Indicates ground reaction forces measures are given in multiples of body weight.
(Figure 3). Lastly, at peak hip flexion, participants landed in
less hip flexion postfatigue (47.3°±8.2°) than prefatigue
(53.3°± 10.95°) (Fl,14 = 16.616, P=.OOI, Cohen d=0.55).
For knee flexion, the following differences were obtained.
At peak knee flexion participants landed in less knee flex-
ion postfatigue (-52S±7.9°) than prefatigue (56.8°±8.3°)
(Fl,14 = 24.346, P < .001, Cohen d = 0.52) (Figure 4). At peak ver-
tical ground reaction force, participants landed in less knee flex-
ion postfatigue (-35.9°±6S) than prefatigue (-38.8°±5.03°)
55.0
(Fl,14 = 11.537, P=.OOI, Cohen d=0.48). Lastly, at peak poste-
rior ground reaction force, participants landed in less knee flex-
ion postfatigue (-35.8°±7.2°) than prefatigue (-38.4°±5.6°)
(Fl,14 =9.300, P=.OO9, Cohen d=0.39).
Protocol
At peak knee flexion, hip abduction was greater dur-
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Figure 3. Hip flexion angle during the slow linear oxidative fatigue protocol and functional agility short-term
fatigue protocol (prefatigue and postfatigue conditions) in a running-stop-jump task.
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Figure 4. Knee flexion angle during the slow linear oxidative fatigue protocol and functional agility short-term
fatigue protocol (prefatigue and postfatigue conditions) in a running-stop-jump task.
(-1.8°±3.9°) (Fl,14= 13.086, P=.OO3, Cohen d=0.41). At ini-
tial contact, internal knee adduction moment was greater dur-
ing the FAST-FP (0.064±0.09 Nmlkgm) than the SLO-FP
(0.024±0.06 Nmlkgm) (Fl,14=5.61O, P=.03, Cohen d=0.44).
At peak stance (maximum value), internal knee extension mo-
ments were greater during the SLO-FP (2.01±0.32 Nmlkgm)
than the FAST-FP (1.9±0.36 Nmlkgm) (Fl,14=6.486, P=.02,
Cohen d=0.31).
The only interaction attained was at initial contact. We
found that knee internal rotation was greater after the FAST-
FP (1l.9°±9.8°) than before the FAST-FP (7.9°±7.8°)
(Fl,14=7.025, P=.02, Cohen d=0.41).
DISCUSSION
We evaluated the effects of 2 fatigue protocols (SLO-FP,
FAST-FP) on lower extremity biomechanics during an unan-
ticipated running-stop-jump task in female NCAA Division
I soccer players. We hypothesized that fatigue would induce
lower extremity biomechanical alterations in the hip and knee
during the landing phase of the running-stop-jump task. One
of our main results was a decrease in knee and hip flexion after
the 2 types of fatigue protocols. The participants presented a
more erect or extended position after being fatigued. Landing
with the knee in a more extended position is thought to increase
anterior shear force on the proximal end of the tibia via an in-
creased patellar tendon-tibia shaft angle.33 Researchers have
suggested that increased tibial anterior shear force results in
increased loads being placed on the ACL,12,21Blackburn and
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Padua34 showed that landing in a more erect posture results in
increased ground reaction forces and subsequent quadriceps
activation. Therefore, our participants might have increased
the strain placed on the ACL and consequently increased ACL
loading because of their erect positions. The decreased joint an-
gles (eg, knee flexion) are thought to produce a mechanical dis-
advantage for the hamstring muscles by decreasing their angles
of pull and reducing the amount of posterior force that can be
applied to the tibia.35 This decreased posterior force allows in-
creased anterior translation, which also could increase the load
placed on the ACL,35 The combination of lower knee and hip
joint angles during an unanticipated task (decision-making pro-
cess) under a fatigued condition might increase the likelihood
of injury.
The fatigue protocols created for our study were based on
previous research; however, various aspects of each protocol
are unique to our study. The FAST-FP used tasks, including
vertical jumps12 and step-ups,13 from previous research. To our
knowledge, the L drill and agility ladder have not been used
to induce fatigue; we chose both activities to reproduce the
functional demands of soccer. The Vo2max protocol used in the
SLO-FP was based on previous research.31,32The 30-minute
treadmill run was based on the fatigue protocol of Sanna and
O'Connor.14 Fatigue has been shown to alter hip and knee kine-
matics during various athletic tasks.13,20,21,36Our results, which
showed that fatigue changes lower extremity biomechanics
during a landing task, are similar to those of other investiga-
tors.ll,12,20Chappell et al12found a decrease in knee flexion an-
gle at peak proximal tibial anterior shear force in a stop-jump
task similar to the one we used. Their participants had a knee
flexion angle at prefatigue of 26.3° and at postfatigue of 23.1 0,
representing a 12% decrease between fatigue states.12
We analyzed knee flexion at peak posterior ground reaction
force and peak vertical ground reaction force, both of which
have been shown to be correlated with peak proximal tibial
anterior shear force,37 and found a decrease of 6.9% (prefa-
tigue=-38.4°, postfatigue=-35.8°) and 7.4% (prefatigue=
-38.8°, postfatigue =-35.9°), respectively. The percentage
change for our study was smaller than the change reported by
Chappell et al.12The smaller decrease in knee flexion angle in
our study could be a result of the increased level of condition-
ing and athletic ability present in our participants. However, the
reduced knee flexion angle at peak posterior ground reaction
force still might be increasing the load on the ACL, thereby
increasing its likelihood of rupture. Cerulli et al38analyzed the
strain placed on the ACL during rapid deceleration and found
ACL strain to be highest during peak ground reaction force.
Anterior displacement of the tibia via the quadriceps is most
pronounced between 15° and 45° of knee flexion, with the peak
anterior translation occurring at 30° of knee flexion.39 With
fatigue, knee flexion decreased from -38.8° to -35.9° at peak
vertical ground reaction force and decreased from -38.4° to
-35.8° at peak posterior ground reaction force. In effect, fatigue
is moving the knee closer to 30° of knee flexion, where peak
anterior translation of the tibia is thought to occur. However,
this change in flexion of approximately 3° might not appear to
be clinically relevant. From our standpoint, we cannot precisely
say whether the 3° change is clinically important; however, we
believe it is relevant and important when analyzing how the
lower extremity responds to the demands of fatigue. This small
change can represent the difference between injury and no in-
jury occurring.
We and others11,13,14,20analyzed lower extremity biomechan-
ics during the performance of various unanticipated tasks. Al-
though each task performed was unanticipated, the participant
knew the task had to be 1 of 3 options and was never exposed
to repeated unanticipated movements. Therefore, to complete a
successful trial, the participant was required only to complete
1 unanticipated movement without being concerned with what
would happen next. In real-life game situations, athletes are
exposed to a constantly evolving environment in which they
are required to perform multiple unanticipated movements in
conjunction with each other. This collection of unanticipated
movements along with a combination of motion in the sagit-
tal, frontal, and transverse planes might be what produces the
abnormal out-of-plane motion commonly seen during an ACL
injury. In the future, researchers should examine the effects that
multiple unanticipated movements have on lower extremity
biomechanics.
Landing in a more extended position possibly decreases the
capability of the lower extremity to effectively absorb shock
through decreased flexion of the joints.40 This increased force
on the knee joint could decrease the stability of the joint, mak-
ing it more susceptible to out-of-plane motions and increasing
the likelihood of ACL injury. Researchers have analyzed the
landing phase of single-legged jumps both prefatigue and post-
fatigue and have found the following frontal-plane changes: in-
creased knee abduction and internal rotation,11,13,20,41increased
hip internal rotation,11,20,42and increased hip internal rotation
moment from prefatigue to postfatigue.20 The task used in those
studies differed from the running-stop-jump task we used. The
lower extremity biomechanical adaptation for the demands of
different tasks partially might explain the difference in results.
With the running-stop-jump task, the demands occur primarily
in the sagittal plane with full deceleration to perform a vertical
jump, whereas the side-step cutting task combines a decelera-
tion with an acceleration phase and a change in direction (eg,
45° angle). Characteristics of both tasks have been observed
during ACL tear events; however, the difference between these
tasks makes comparison challenging. How each task (running
stop, side-step cut, single-legged landing, and double-legged
landing) is modified by increasing or decreasing the lower ex-
tremity biomechanical variables is important and should be the
focus of future research.
Although the differences between the 2 fatigue protocols
were minimal, we found that the FAST-FP induced changes in
frontal-plane hip and knee biomechanics when compared with
the SLO-FP. Hip abduction at peak knee flexion was greater
during the FAST-FP than during the SLO-FP. The multidi-
rectional movements associated with the FAST-FP possibly
induced greater amounts of fatigue to the hip musculature of
our participants, resulting in greater hip abduction after FAST-
FP. The multidirectional functional protocol recruited various
muscle groups (eg, flexors and extensors, abductors and adduc-
tors), whereas the SLO-FP affected primarily the flexors and
extensors. This increased hip abduction angle during landing
has been associated with excessive knee valgus and abduc-
tion moments.21,43Furthermore, at initial contact participants
had greater knee adduction moments during the FAST-FP than
the SLO-FP. In the transverse plane, knee internal rotation in-
creased from prefatigue to postfatigue in the FAST-FP. Fatigue
has been shown to alter knee abduction and adduction mo-
ments20 and knee internal rotation11 during landing tasks. We
assume that a relationship exists between the increase in inter-
nal knee adduction moment induced by the FAST-FP and the
increased knee internal rotation present postfatigue during the
FAST-FP. The increased internal knee adduction moment prob-
ably is a response to an increased external valgus load attempt-
ing to force the knee into an abducted position. Our assumption
is based on the premise that an external knee abduction mo-
ment tends to produce an abducted knee angle that would be
resisted by an internal knee adduction moment.
Our results indicated that both the SLO-FP and FAST-FP
induced similar kinematic and kinetic changes to the lower
extremity during the running-stop-jump task. The fatigue pro-
tocols elicited the largest variations in sagittal-plane lower ex-
tremity kinematics. Specifically, participants landed with less
hip flexion at all time instances analyzed. Sagittal-plane knee
mechanics were altered with fatigue; specifically, a decrease in
knee flexion was seen at peak vertical ground reaction force,
peak posterior ground reaction force, and peak knee flexion.
Researchers who did not completely use a SLO-FP or FAST-FP
but induced lower extremity fatigue found similar results for
these kinematic variablesy,12,20
An interesting result to note is the lack of difference between
fatigue protocols (SLO-FP and FAST-FP). Most prefatigue to
postfatigue changes were observed regardless of the fatigue
protocol used, with minimal differences noted between the 2
protocols. One possible reason for the similarities between the
SLO-FP and FAST-FP was that our participant population was
accustomed to a wide range of activity, including short-term,
high-intensity exercise and long-duration, low-intensity exer-
cise. During competition, elite female soccer athletes change
activity an average of 1459 times. The changes in activity range
from standing to walking, low-intensity running, and high-
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intensity running.44 Krustrup et al44 reported that elite female
soccer players had an average heart rate during a competitive
match that was 87% of their maximum heart rates. The aver-
age heart rate for our participants during both fatigue protocols
was 89.6% of their maximum heart rates, which was similar
to what is experienced during competition. Therefore, our par-
ticipant population of elite soccer athletes appears to have been
able to adjust accordingly to both the SLO-FP and FAST-FP
because both protocols are similar to what is experienced dur-
ing a game.
We initially hypothesized that the FAST-FP would create
greater changes on the lower extremity biomechanics because
of its functional drills performed at high intensity. However,
the SLO-FP with moderate intensity produced similar biome-
chanical adaptations in our participants. When ACL injury-
prevention programs are developed, feedback on proper me-
chanics should be stressed early because fatigue-related lower
extremity modifications occur in as few as 5 minutes of in-
tense multidirectional movements. Both fatigue protocols ap-
pear to be anaerobic; that is, the participants were at or above
their anaerobic threshold at the end of both. Furthermore, the
finding that the most severe neuromuscular changes, which
include increased hip abduction, increased knee internal rota-
tion, and increased internal knee adduction moment, occurred
after 5 minutes of exercise (FAST-FP) when compared with
45 minutes of exercise (SLO-FP) is clinically relevant. A 5-
minute fatigue protocol similar to the FAST-FP could be used to
induce fatigue. A quick and effective screening process similar
to the Landing Error Scoring System45 could be implemented
to analyze lower extremity biomechanics in a fatigued state.
This tool could be used to identify lower extremity movement
patterns that place people at high or low risk for ACL injury.
This would be an inexpensive and efficient process to deter-
mine which risk factors are modified during fatigue conditions
and, therefore, which areas should be the focus of an ACL in-
jury-prevention program. Individualized prevention programs
that consider specific neuromechanical characteristics with and
without fatigue should be developed. This would allow people
to adjust their specific risk factors in an unfatigued state. The
same prevention program would be completed again near the
end of practice, when participants are fatigued. Each partici-
pant would be given proper feedback on how to improve her
previously identified neuromechanical risk factors. Therefore,
this instruction could carry over to game situations that take
place during fatigued states.
CONCLUSIONS
One of our main outcomes was the similarity of the 2 fa-
tigue protocols. Both demonstrated that when fatigue and un-
anticipated movement are combined, the lower extremity is at
a higher risk for sustaining injury. Similar lower extremity bio-
mechanical modifications occurred after 5 minutes of fatigue
with the FAST-FP and after 45 minutes of fatigue with the SLO-
FP. Altered lower extremity biomechanical movement patterns
are known risk factors for ACL injury. Our results indicated
that fatigue, regardless of type, makes these biomechanical risk
factors more pronounced. Therefore, ACL injury-prevention
programs should be designed to prevent the detrimental effects
of fatigue. To accomplish this, people need to be trained and
instructed on proper mechanics while in a fatigued state. Dur-
ing this fatigued state, feedback on proper mechanics should
be given early and often and should be continued throughout
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the injury-prevention program. We found fatigue-induced de-
creases in hip and knee flexion, resulting in a more extended
landing posture. Landing in a more extended position is thought
to increase anterior tibial translation and thus increase the strain
placed on the ACL. The FAST-FP produced increases in hip
abduction, internal knee adduction moment, and knee internal
rotation, all of which are either a cause or result of increased
valgus loading on the knee joint.
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